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23
Skeletal muscle is made from multinuclear myofiber, where myonuclei are positioned at the 24 periphery or clustered below neuromuscular junctions (NMJs). While mispositioned myonuclei 25 are the hallmark of numerous muscular diseases, the molecular machinery maintaining 26 myonuclei positioning in mature muscle is still unknown. Here, we identified microtubule-27 associated protein MACF1 as an evolutionary conserved regulator of myonuclei positioning, in 28 vitro and in vivo, controlling the "microtubule code" and stabilizing the microtubule dynamics 29 during myofibers maturation, preferentially at NMJs. Specifically, MACF1 governs myonuclei 30 motion, mitochondria positioning and structure and acetylcholine receptors (AChRs) 31
clustering. Macf1-KO in young and adult mice decreases muscle excitability and causes 32 evolutionary myonuclei positioning alterations in adult mice, paralleled with high mitochondria 33 content and improved resistance to fatigue. We present MACF1 as a primary actor of the 34 maintenance of synaptic myonuclei and AChRs clustering, peripheral myonuclei positioning 35 and mitochondria organization through the control of microtubule network dynamics in muscle 36 fibers. 37 .
39
Introduction
41
Throughout muscle development, myonuclei actively position themselves and adapt special 42 localization in mature myofibers where myonuclei are regularly spaced along muscle fibers and 43 localized at the periphery . MACF1 gene (inducing a decrease in the total amount of MACF1 protein) has been linked to a 77 new neuromuscular disease (Jørgensen et al., 2014) . Also important in this respect, it was 78 recently proposed that Shot/MACF1 participates in the formation and maintenance of a 79 perinuclear shield in the muscle of drosophila larvae, contributing once again in myonuclei 80 localization (Wang et al., 2015) . 81
Here, we demonstrate in vitro and in vivo that MACF1 is implicated in the maintenance of 82 myonuclei patterning in myofibers, starting at the NMJs, and controlling both myonuclei and 83 mitochondria dynamics through the regulation of microtubules. 84 85 86
Results
88
MACF1 is not required in precocious myonuclei positioning but is essential during 89 myofibers maturation in the maintenance of myonuclei localization. 90 91
To identify new factors that contribute specifically to myonuclei spreading in myofibers, we 92 purified proteins able to bind to microtubules, stabilized with Taxol ® , from 3 days mouse 93 primary myotubes (Fig1A). The major Microtubule Associated Protein (MAP) identified by 94 mass-spectrometry using this protocol revealed the significant presence of MACF1/ACF7 95 protein, a member of the plakin family (Supplementary Fig1A-B ). Although MACF1 is initially 96 described to be predominantly expressed in neurons and muscle (Bernier et al., 2000) , its role 97 during muscle fibers formation and behavior is poorly understood. Published work suggests 98 that plakin family members play specific roles through the regulation of placement and 99 function of specific organelles such as nucleus, mitochondria, Golgi apparatus, and 100 sarcoplasmic reticulum (Boyer et al., 2010) . Mouse Macf1 mRNA was previously show to 101 increase steadily during myogenesis (Sun et al., 1999) and MACF1 was proposed to contribute 102 in muscle fiber to form a flexible perinuclear shield in collaboration with two other MAPs 103 named EB1 and Nesprin (Wang et al., 2015) . We confirmed the increase of Macf1 mRNA and 104 MACF1 protein during early steps of myotubes formation (3 to 5 days of differentiation) using 105
RT-qPCR and Western blotting on mouse myoblast C2C12 cells (Supplementary Fig1C-D) . 106
We first addressed the role of MACF1 in early steps of myotubes formation (Fig1A) Our in vitro results suggested that MACF1 is implicated in myonuclei spreading in an 269
Agrin/NMJ dependent manner (Fig1-2). Thus, we wondered if in our in vivo conditional mutant 270 model, synaptic AChRs clustering size and density were impacted by the absence of MACF1.
271
To address this question, we isolated individual's myofibers from the Tibialis Anterior and the 272
Extensor Digitorum Longus muscles and visualized AChRs clustering using bungarotoxin 273 staining in 12-months-adult mice (Fig5A). In this condition, we found that the size of synaptic 274
AChRs clusters was highly diminished in both muscles. To determine if the fragmentation of 275 NMJ-related AChRs was an early process, we isolated individual's myofibers from the Rectus 276
Lateralis muscle, known to be multi-innervated, allowing an access to multiple NMJs, from 4-277 months-young mice ( Fig 5B) . In this muscle, NMJs were much more fragmented in 278 conditionally mutant mice compared to control mice reflected by the doubling of individual 279 clusters stained for AChRs (Fig5C). Accordingly we measured a reduction of myonuclei 280 associated with the NMJs, with a mean value of 5 myonuclei in control mice (Macf1 f/f Cre-) as 281 compared to 3 in mutant mice (Macf1 f/f Cre+) (Fig5D) . These data further demonstrate that 282 MACF1 is required to maintain neuromuscular synapses integrity through AChRs clustering in 283 young and adult mice and this alteration seems to precede myonuclei disorganization in 284 myofibers. PTMs, Tubulin de-tyrosination is associated with longer-lived microtubules, whereas more 294 dynamic microtubules are found to be mainly tyrosinated (Bulinski and Gundersen, 1991 shape was changed, tyrosinated-tubulin was still found at the vicinity of myonuclei associated 303 with few aggregates along myofibers, but this time, the presence of tyrosinated-tubulin was 304 enriched at the vicinity of AChRs clusters. In the same perspective, de-tyrosinated-tubulin was 305 highly reduced both around myonuclei and near AChRs clusters (Fig5E, bottom). These data 306
show that MACF1 plays a role in the maintenance of the pool of de-tyrosinated-tubulin which 307 consequently stabilizes the microtubule network at both the vicinity of myonuclei and at the 308 NMJs. 309 310
Adult MACF1 muscle-KO mice exhibit increased myofibers with high mitochondria 311 content. 312 313
Our in vitro results suggested that MACF1 is implicated in mitochondria spreading and 314 fragmentation in muscle fibers (Fig2A, D-E). Since skeletal muscles are composed of a 315 functional and metabolic continuum of slow (type I) and fast fibers (types IIa and IIx), we first 316 questioned whether there were changes in the mitochondrial pool in adult conditional mice. We 317 measured the intensity of succinate dehydrogenase staining, indicative of mitochondrial activity 318 and found a significant increase in the number of fibers with positive succinate dehydrogenase 319 staining in Tibialis Anterior muscle in conditionally mutant mice (Macf1 f/f Cre+) compared to 320 control mice, while no effect was observed in Soleus muscle (Fig6A-B). Quantification of 321 proteins comprising the electron transport chain was then performed on Gastrocnemius muscles 322 and our results confirmed an increase in total amount of mitochondria (Tom20 relative to actin) 323 and no changes in protein contents from the electron transport chain (CI, II, III, IV and V 324 relative to Tom20) (Fig6C). figure 7I are shown in figure 7J . In both fibers, 377 the rate exhibits a similar early peak, the amplitude of which increases with the amplitude of 378 the pulse, followed by a spontaneous decay down to a low level. to Figure 3C sh-Scramble. 683 684
Movie 4. Nuclear movements in primary myotubes transfected with a pool of 4 individual 685 shRNAs targeting Macf1 (green) and lamin-chromobody® (red). Picture were recorded every 686 15 min. Movie correspond to Figure 3C sh-MACF1. 687 688
Materials and methods
690
Cell culture 691 692
Primary myoblasts were collected from wild type C57BL6 mice as described before (Falcone et  693 al., 2014; Pimentel et al., 2017). Briefly, Hindlimb muscles from 6 days pups were extracted 694 and digested with collagenase (Sigma, C9263-1G) and dispase (Roche, 04942078001). After a 695 pre-plating step to discard contaminant cells such as fibroblasts, myoblasts were cultured on 696 matrigel coated-dish (Corning, 356231) and induced to differentiate in myotubes for 2-3 days 697 in differentiation media (DM: IMDM (Gibco, 21980-032) + 2% of horse serum (Gibco, 16050-698 122) + 1% penicillin-streptomycin (Gibco, 15140-122)). Myotubes were then covered by a 699 concentrated layer of matrigel and maintained for up to 10 days in long differentiation culture 700 medium (LDM: IMDM (Gibco, 21980-032) + 2% of horse serum (Gibco, 16050-122) + 0.1% 701 Agrin + 1% penicillin-streptomycin (Gibco, 15140-122)) until the formation of mature and 702 contracting myofibers. LDM was changed every two days. 703
Mouse myoblast C2C12 cells were cultured in Dulbecco's modified Eagle's medium (DMEM 704 (Gibco, 41966029) + 15% fetal bovine serum (FBS) (Gibco, 10270-106) + 1% penicillin-705 streptomycin (Gibco, 15140-122))) and were plated on 0.1% matrigel-coated dishes for 1-2 706 days before differentiation. Differentiation was induced by switching to differentiation media 707 (DMEM + 1% horse serum). 708
Production of wild type Agrin recombinant proteins 709
For production of recombinant proteins, the stably transfected HEK293-EBNA cell lines were 710 grown to about 80 % confluence and were transferred to expression medium without FBS.
711
Conditioned medium containing secreted proteins was collected every 3 days and replaced with 712 fresh expression media for 12 days. Conditioned medium was centrifuged at 2,000xg for 10 713 min to pellet the cells before storing at -20°C. After thawing, recombinant proteins were 714 purified from conditioned media by HPLC, on a HiTRAP Imac HP column (GE Healthcare, For primaries cells, siRNA were transfected using Lipofectamine 2000 (ThermoFisher 728
Scientifics, 11668-019) at the final concentration of 2nM. shRNA (Geneocopia), Eb1 or RFP-729
Lamin-chromobody (Chromotek) cDNA were transfected in cells using Llipofectamine 3000 730 (ThermoFisher Scientifics, L3000-008). 731 732 siRNA Sense oligonucleotide sequence Anti-Sense oligonucleotide sequence
Protein sample preparation 734 735
For primary cultured cells or C2C12 cell lines, cells were harvested, using 1X Trypsin for 5min 736 at 37°C and centrifuged at 1500RPM for 5min at 4°C. Cell pellets were diluted and incubated 737 in the optimal volume of RIPA lysis buffer containing phosphatases inhibitors (Sigma, P5726-738 5mL) and proteases inhibitors (Sigma, P8340) for 10min at 4°C. Following a sonication and a 739 centrifugation at 12000RPM for 10min at 4°C, protein samples were collected for further uses.
740
The concentration of proteins was determined using BCA protein assay kit (Thermo Fisher 741
Scientifics, 23225) as described by the manufacturer. 742 743
Western blot and dot blot analysis 744
To carry out western blots, the same amount of sample were loaded in 6% acrylamide gels and 745 were migrated at 130V for 10min followed by 160V for 90min. iBlot 2 mini slacks (Thermo 746
Fisher Scientifics, IB23002) semi-dry system was used to transfer the proteins to nitrocellulose 747 membranes. Membranes were then saturated in 5% milk in TBS for 1H at RT and were 748 incubated in primary antibodies in 5% milk in TBS over night at 4°C. Following washes by 749 0.1% Tween-20-1X TBS, the membranes were incubated in HRP conjugated secondary 750 antibodies in 5% milk in TBST for 1H at RT. Following washes by 0.1% Tween-20-1X TBS 751 the detection of the target proteins was carried out using Super Signal West Femto (Thermo 752
Fisher Scientifics, 34095) and ChemiDoc imaging system (BioRad).
754
To carry out dot blots, Bio-Dot SF Microfiltration Apparatus plates (BioRad) were used to 755 transfer the protein samples onto the nitrocellulose membranes. Membranes were then saturated 756 in 5% milk in TBS for 1H at RT and were incubated in primary antibodies over night at 4°C.
757
Following washes by 0.1% Tween-20-1X TBS, the membranes were incubated in HRP 758 conjugated secondary antibodies in 5% milk in TBST for 1H at RT. Following washes by 0.1% 759
Tween-20 in TBS the detection of the target proteins was carried out using Super Signal West 760
Femto (Thermo Fisher Scientifics, 34095) and ChemiDoc imaging system (BioRad).
762
Primary cells immunofluorescence staining 763 764
Cells were fixed in 4%PFA in PBS for 20min at 37°C followed by washes with PBS and 765 permeabilization with 0.5% Triton-X100 in PBS for 5min at RT. Following washes with PBS, 766 cells were saturated with 1% BSA in PBS for 30min at 37°C and incubated in primary 767
antibodies over night at 4°C. Following washes with 0.05% Triton-X100-1X PBS, cells were 768 incubated in secondary antibodies or dyes for 2H at RT followed by washes with 0.05% Triton-769 X100 in PBS and a last wash in PBS. Cultured myofibers were imaged using either Z1-770 AxioObserver (Zeiss) or confocal SP5 microscope (Leica).
772
Isolation of mono-myofibers and immunofluorescence staining 773
774
Following the dissection of the whole muscle from the mice, TA or EDL muscle blocks were 775 fixed in 4%PFA in PBS for 2H at RT. After washes, 30 to 50 mono-myofibers were isolated 776 per staining from each muscle. Myofibers were then permeabilized using 0.5% Triton-X100 in 777 PBS for 5min at RT and saturated in 1% BSA in PBS for 30min at RT. Based on the 778 experiments, myofibers were incubated in desired primary antibodies at 4°C over night.
779
Following washes with 0.05% Triton-X100 in PBS, myofibers were incubated in secondary 780 antibodies or dyes for 2H at RT followed by washes with 0.05% Triton-X100 in PBS and a last 781 wash in PBS. Myofibers were mounted on slides using fluromount Aqueous mounting (Sigma, 782 F4680-25mL) and kept at 4°C or -20°C. Slides were analyzed using confocal SP5 microscope 783 (Leica) or TI-Eclipse (Nikon Time-lapse images were acquired using Z1-AxioObserver (Zeiss) with intervals of 15minutes.
791
Final videos were analyzed using Metamorph (Zeiss) and SkyPad plugin as described before 792 (Cadot et al., 2014 Shot GD9507 UAS-RNAi line from VDRC collection crossed to Mef2-GAL4 driver has been 810 used to attenuate shot gene expression specifically in muscles. Third instar larvae were 811 dissected in physiological salt with 25mM EDTA. Body wall muscles were fixed with 4% 812 formaldehyde in PBS for 15min and then rinsed three times for 5min each in PBS with 0.5% 813
Tween 20 (PBT). Muscles were blocked for 30min with 20% horse serum in PBT at RT.
814
Staining was performed by using primary antibodies applied overnight at 4°C and after washing 815 3 times in PBT secondary antibodies were applied at RT for 1H. The following primary 816 antibodies were used: anti-Brp1 (1:100; DSHB, Nc82-s), anti-Shot (1:100; DSHB, mAbRod1). 817 818
Mouse model 819
The following mice have been described previously, mice that carry a loxP-flanked allele of 820
Macf1 (Goryunov et al., 2010) and Hsa-Cre transgenic mice (Miniou et al., 1999 
RNA extraction 839
After the addition of Trizol (Sigma, T9424-200mL) on each sample, lysing matrix D and fast 840 prep system (MPbio, 6913-100) were used for sample digestion and pre-RNA extraction. In 841 order to extract RNA, samples were incubated in chloroform for 5min at RT, centrifuged for 842 15min at 12000 rcf at 4°C and incubated in the tubes containing isopropanol (precipitatation of 843 RNA) for 10min at RT. following a centrifuge of samples for 15min at 12000rcf at 4°C, 844 samples were washed 2 times with 70% ethanol and the final RNA pellets were diluted in ultra-845 pure RNase free water (Invitrogen, 10977-035). RNA concentration was calculated using 846 Nanodrop (ThermoFisher Scientifics). 847
RT-q-PCR 848
Goscript Reverse Transcriptase System (Promega, A5001) was used, as described by the 849 manufacturer to produce the cDNA. Fast Start Universal SYBR Green Master (Rox)(Roche, 850 04913914001) and CFX Connect™ Real-Time PCR Detection System (BioRad) were used to 851 carry out the quantitative PCR using the following primer sets. The CT of target genes were 852 normalized on 3 control genes. 853 Sigma) at 37°C in a humidity chamber for 45min. The sections were then washed in deionized 874
water for 3min, dehydrated in 50% ethanol for 2min, and mounted for viewing with DPX 875 mount medium (Electron Microscopy Sciences). Images were acquired as described above. 876
Confocal imaging of T-tubule network 877 878
FDB muscle fibers were incubated for 30min in the presence of 10µm di-8-anepps in Tyrode 879 solution. Estimation of the T-tubule density from the di-8-anepps fluorescence was carried out 880 from a largest possible region of interest excluding the plasma membrane, within each fiber.
881
For each fiber, two images taken at distinct locations were used. Analysis was carried out with 882 the ImageJ software (National Institute of Health). Automatic threshold with the Otsu method 883 was used to create a binary image of the surface area occupied by T-tubules. The "skeletonize" 884 function was then used to delineate the T-tubule network. T-tubule density was expressed as 885 the percent of positive pixels within the region. Sarcomere length was estimated from half the 886 number of fluorescence peaks (T-tubules) along the length of the main axis of a given fiber. To 887 assess variability in T-tubule orientation, objects within two T-tubule binary images of each 888 fiber were outlined and particle analysis was performed to determine the angle of all objects 889 yielding a perimeter larger than an arbitrary value of 10µm. For each fiber, the standard 890 deviation of angle values was then calculated. This analysis was performed on 10 muscle fibers 891 from 3 Macf1f/f Cre-and from 3 Macf1f/f Cre+ mice, respectively. 892 893 Intracellular Ca 2+ in voltage-clamped fibers 894 895
Single fibers were isolated from FDB muscles as described previously (Jacquemond, 1997) . In 896 brief, muscles were incubated for 60min at 37 °C in the presence of external Tyrode containing 897 2 mg.mL collagenase (Sigma, type 1). Single fibers were obtained by triturating the 898 collagenase-treated muscles within the experimental chamber.
899
Isolated muscle fibers were handled with the silicone voltage-clamp technique (Lefebvre et al., 900 2014). Briefly, fibers were partly insulated with silicone grease so that only a short portion (50-901 100µm long) of the fiber extremity remained out of the silicone. Fibers were bathed in a 902 standard voltage-clamp extracellular solution containing (in mM) 140 TEA-methanesulfonate, 903 2.5 CaCl2, 2 MgCl2, 1 4-aminopyridine, 10 HEPES and 0.002 tetrodotoxin. An RK-400 patch-904 clamp amplifier (Bio-Logic, Claix) was used in whole-cell configuration in combination with 905 an analog-digital converter (Axon Instruments, Digidata 1440A) controlled by pClamp 9 906 software (Axon Instruments). Voltage-clamp was performed with a micropipette filled with a 907 solution containing (in mM) 120 K-glutamate, 5 Na2-ATP, 5 Na2-phosphocreatine, 5.5 MgCl2, 908 15 EGTA, 6 CaCl2, 0.1 rhod-2, 5 glucose, 5 HEPES. The tip of the micropipette was inserted 909 through the silicone within the insulated part of the fiber and was gently crushed against the 910 bottom of the chamber to ease intracellular equilibration and decrease the series resistance.
911
Intracellular equilibration of the solution was allowed for 30min before initiating 912 measurements. Membrane depolarizing steps of 0.5s duration were applied from -80mV.
913
Confocal imaging was conducted with a Zeiss LSM 5 Exciter microscope equipped with a 63x In vivo force measurements 923
Mice were initially anesthetized in an induction chamber using 4% isoflurane. The right 924
Hindlimb was shaved before an electrode cream was applied at the knee and heel regions to 925 optimize electrical stimulation. Each anesthetized mouse was placed supine in a cradle 926 allowing for a strict standardization of the animal positioning. Throughout a typical experiment, 927 anesthesia was maintained by air inhalation through a facemask continuously supplied with 928 1.5% isoflurane. The cradle also includes an electrical heating blanket in order to maintain the 929 animal at a physiological temperature during anesthesia. Electrical stimuli were delivered 930 through two electrodes located below the knee and the Achille's tendon. The right foot was 931 positioned and firmly immobilized through a rigid slipper on a pedal of an ergometer 932 (NIMPHEA_Research, AII Biomedical SAS) allowing for the measurement of the force 933 produced by the Hindlimb muscles (i.e., mainly the Gastrocnemius muscle). The right knee 934 was also firmly maintained using a rigid fixation in order to optimize isometric force 935 recordings. Monophasic rectangular pulses of 0.2ms were delivered using a constant-current 936 stimulator (Digitimer DS7AH, maximal voltage: 400V). The force-frequency curves were 937 determined by stepwise increasing stimulation frequency, with resting periods > 30s between 938 stimuli in order to avoid effects due to fatigue. For each stimulation train, isometric peak force 939 was calculated. After a 3-min recovery period, force was assessed during a fatigue protocol 940 consisting of 30Hz stimulation trains of 0.3s delivered once every second for 180s. The peak 941 force of each contraction was measured and averaged every 5 contractions. A fatigue index 942 corresponding to the ratio between the last five and the first five contractions was determined.
943
Force signal was sampled at 1000Hz using a Powerlab system and Labchart software 944 (ADinstruments). 945
Quantification methods for myonuclei spreading in myotubes 946
Quantifications in immature myotubes were assessed using an analysis tool developed in our 947
team. To determine EB1 comets speed, four continuous frame of a time-lapse movie of EB1-GFP 958 were overlapped, the first two are color-coded in green and the last two are color-coded in red.
959
Comets length was counted if green and red length were equal, traducing a comets growing in 960 the same focal plan. 961
Quantification of mitochondria fragmentation 962
In order to analyze mitochondria repartition, Cytochrome-C staining was used as representative 963 of the mitochondrial network in long differentiated myofibers. Representative images were 964 taken from myofibers and the analysis of images was done using ImageJ® software. One or 965 several Regions Of Interest (ROI) were selected per image, these regions were set just next-to 966 or close to myonuclei. Following a threshold determination, the whole information of each 967 stained particle (representing a single or a group of mitochondria) was extracted from ImageJ 968 software. The particles with circularity equivalent to 1 were eliminated in order to purify our 969 results from any unwanted background errors. Particles with feret less than 0.75µm (mean size 970 of mitochondria) were eliminated to purify our results. Finally, the ratio of number of particles 971 per area of ROI was calculated. 972 973
Quantification of AChRs fragmentation 974
Bungarotoxin staining was used to analyze formation of acetylcholine receptors clusters in 975 mature myofibers. Representative images were taken from myofibers of each condition as 976 described before and the analysis of images was done using ImageJ® software. Briefly, a 977 threshold of 8µm was set as the minimal size for AChRs clusters. Myofibers with at least one 978 cluster of 8µm or bigger were considered as positive. 979 980 981
Statistical analysis 982
The statistical analyses were performed using Student's t test or the Mann-Whitney test 983 according to samples amount and distribution 984
